ABSTRACT
Activation of naïve T helper cells by presentation of cognate antigen initiates a complex intracellular signaling process leading to development of functionally active effector cell population. The switch from quiescent naïve state to activated state involves a profound change of cellular metabolism, required for completion of multiple rounds of proliferation. Using ultra performance liquid chromatography mass spectrometry, we analyzed how this change is reflected on the cellular lipid composition in human umbilical cord blood T-cells. We found that considerable concentration changes take place during the first 72 hours after T-cell receptor activation, correlating with first rounds of activation-induced cell division. Most importantly, composition of phosphatidylcholines and phosphatidylethanolamines exhibited consistent trend towards shorter and more saturated molecular species. Together with related transcriptomics data, the results clearly suggested induction of de novo fatty acid synthesis and accumulation of endogenously synthesized fatty acids into the cellular membranes, leading to partial remodeling of the cellular lipidome in the newly developed effector cell population.
INTRODUCTION
T helper cells constitute the topmost regulatory layer of the adaptive immune system, controlling the activity of all downstream immune cell types and thus coordinating all acquired immune responses. The activity of T helper cells themselves is determined by T-cell receptor-mediated activation by cognate peptide-MHC complexes and subsequent cytokine-influenced differentiation of functionally distinct effector subsets, namely Th1, Th2, and Th17 cells (1) (2) (3) . These processes are prerequisites for the specificity and memory that are the hallmark features of acquired immune responses.
Since the fundamental function of T-cell activation is to recognize pathogenic non-self peptides in an environment dominated by innocuous and self molecules, extremely tight and specific regulation is required. Importantly, contrary to the functions of many other cell surface receptors, T-cell activation does not follow typical mass action kinetics where rate of the reaction is determined by concentrations of participating molecules. Instead, remarkably complex network of intracellular signaling mechanisms has evolved that controls the initiation, duration, and strength of activation (4) (5) (6) .
Essentially, the current model holds that binding of antigen peptide-MHC complex to TCR α/ subunits leads to phosphorylation of cytoplasmic ITAM domains and is followed by autophosphorylation of ZAP70. Phosphorylation of ZAP70, in turn, leads to activation of key scaffold proteins LAT and SLP76, enabling signal diversification into multiple pathways, most importantly Ras, PKC, and intracellular Ca 2+ -mediated signaling. Experimental evidence from recent high-throughput studies suggests that ultimately T-cell receptor activation has profound effects on cellular function, as illustrated by phosphorylation of more than 400 proteins already at one hour after stimulation (7) , and differential activation of over 6000 genes within 48 hours after activation (8) .
Maintenance of an appropriate lipid composition in the cellular membranes is required to ensure membrane fluidity, topology of attached proteins, activity of membrane-bound enzymes, degree of exposure of surface proteins, lateral mobility of receptors and activation of specific signaling pathways. Given such an importance of membrane lipid composition, cells have developed robust mechanisms to maintain the membrane lipid homeostasis. To understand T-cell lipid metabolism, it is thus important to measure its end products, the cellular lipids, at the molecular level. The so-called lipidomics approach, covering a global profile of structurally and functionally diverse lipids, may not only elucidate the lipid molecular composition of T-cells, but also deliver clues about the mechanisms behind the control of cellular lipid homeostasis in the process of T-cell activation (9) .
To which extent the signals leading to T-cell activation are reflected on cellular lipid composition has so far not been addressed in a system-wide fashion. Until recent advances in mass spectrometry-based approaches (9) (10) (11) , this limitation has been arguably attributed more to lack of efficient tools than to lack of interest, as the specific roles of certain lipids in the proximal stages of TCR signaling are well established. Particularly, activation of both Ras and PKC pathways are dependent on production of diacylglycerol (DG) from plasma membrane phosphatidylinositol 4,5 bisphosphate (PI(4,5)P 2 ) by phospholipase C (PLC) in response to TCR engagement. The other product of this reaction, inositol (1, 4, 5) triphospate (IP 3 ), in turn, mediates release of cytoplasmic Ca 2+ and initiation of Ca
2+
-mediated signaling (12) . Moreover, targeted approaches have been recently exploited e.g. in the context of lipid-ordered plasma membrane domains (13) , and have provided strong evidence in support of regulatory roles for specific molecular lipid environments. Therefore the question arises whether also the more downstream steps of T-cell activation and consequent development of effector cell subsets are regulated by lipids or mediated by lipid intermediates.
Here we present global analysis of cellular lipid profiles in human primary umbilical cord blood T-cells both in unstimulated state and during a 72-hour time course following T-cell activation. In addition, cumulative effects of IL-4, the key Th2-promoting cytokine, were measured. The results indicated significant longitudinal changes in concentrations of several glycerophospholipids. Importantly, a systematic increase in the concentrations of saturated, short-chain phosphatidylcholines and phosphatidylethanolamines was measured, with a corresponding decrease in longer, polyunsaturated species.
To our knowledge our data currently represents the most complete catalogue of cellular glycerophospholipids, sphingolipids, and triglycerides from primary human T-cells, and suggests considerable plasticity in the global lipid composition of activated T-cells.
MATERIAL AND METHODS

CD4 + cell isolation
Umbilical cord blood samples were obtained from healthy neonate donors from Turku University Central Hospital. Mononuclear cells were isolated using Ficoll gradient centrifugation (Amersham). CD4 + cells were further purified using positive selection with anti-CD4-coated magnetic Dynal beads (Invitrogen). The typical purity of such samples has been determined to be in the order of 98-99%(63).
Cell stimulation and culture
CD4 + cells were cultured in Yssel's medium (Iscove modified Dulbecco medium [IMDM; Invitrogen] supplemented with Yssel medium concentrate, penicillin, streptomycin, and 1% AB-serum) at a density of 2-3*10 6 cells/ml on 24-well plates. Cells were activated using platebound anti-CD3 (0.5g/well) and soluble anti-CD28 (0.5g/ml), (both antibodies from Beckman Coulter). Th2 polarization was induced with the addition of IL-4 (10 ng/ml, R&D Systems).
Harvesting
Cells were harvested in unstimulated state and at 0.5, 1, 2, 4, 6, 12, 24, 48, and 72 hours after activation. Harvesting and metabolic quenching was performed as described by de Koning et al.(64) , with some modifications. In brief, culture medium was removed; cells were resuspended to -20C 50% methanol, and pelleted by centrifugation (770g 20min) at -20C. The supernatant was discarded and cells were stored in liquid nitrogen.
Lipidomic analysis
Aliquots of cultured T-cells containing ca. 2 million cells were spiked with a standard mixture consisting of 10 lipid compounds (0.2 µg/sample) and mixed with 100 µl of chloroform/methanol (2:1) by vortexing for 2 min. After 1 h standing the tubes were centrifuged at 10 000 rpm for 3 min and the lower organic phase was separated into a vial insert and mixed with a standard mixture containing 3 labelled lipid compounds (0.1 µg/sample).
Lipidomics analysis was performed as described previously (65) . Briefly, the lipid extracts were run on a Waters Q-Tof Premier mass spectrometer (Waters) combined with an Acquity Ultra Performance Liquid Chromatography TM (Waters) by using a solvent system including 1) water with 1% 1M NH 4 Ac and 0.1% HCOOH and 2) LC/MS grade acetonitrile/isopropanol (5:2) with 1% 1M NH 4 Ac, 0.1% HCOOH. The gradient from 65% A / 35% B to 100% B lasted for 6 min and the total run time including a 5 min re-equilibration step was 18 min. An Acquity UPLC TM BEH C18 1 × 50 mm column with 1.7 μm particles was used at 50°C and at a flow rate of 0.200 ml/min. The lipid profiling was carried out using ESI+ mode and the data was collected at mass range of m/z 300-1200.
Data was processed using MZmine 2 software(66). Lipid identification was performed using inhouse spectral library as described previously (67 
Clustering analysis
Clustering analysis was performed using R (version 2.10.1) employing Ward distance metrics.
RESULTS
Lipid composition of naïve T helper precursor cells
The lipid composition of unstimulated human T helper cells was analyzed from samples of CD4-purified human umbilical cord blood cells using ultra performance liquid chromatography mass spectrometry (UPLC-MS). The analyses were carried out using four biological replicate samples, each representing a pool of cells from multiple individuals.
As a result, in total 41 distinct lipid species could be reproducibly identified. Most of these represented phosphatidylcholines (PC) and phosphatidylethanolamines (PE), which are the most abundant lipid classes both in terms of identified species, and absolute concentration, as illustrated in Figure 1 . The other main classes of lipids analyzed included sphingomyelins (SM), triacylglycerols (TG), and diacylglycerols. The identification strategy applied resulted in the assignment of lipid sum formula for each of the measured species, which consisted of the headgroup class, total number of fatty acyl side chain carbon atoms, and the number of side chain double bonds: e.g. PC(32:0) indicating a phosphatidylcholine with carbon number of 32 and no double bonds.
Alterations of lipid concentrations in response to Tcell activation
Activation through T-cell receptor has profound influence on transcriptional and translational activity. To investigate how these effects are reflected on concentrations of cellular lipids, UPLC-MS-based lipidomic analyses were performed for ex vivo cultured cord blood CD4 + T-cells during a 72-hour time series consisting of nine time points following activation with plate-bound anti-CD3 and soluble co-stimulatory anti-CD28 antibodies. The activation was performed in presence or absence of IL-4, the key Th2-promoting cytokine, to analyze whether cytokine-induced Th subset differentiation had additional cumulative effects during this time course.
Altogether 67 lipids were successfully quantified from all samples. To gain an overview on the regulation of these lipids, hierarchical clustering analysis was performed could not be reliably distinguished from biological variation, thus making time point the determining factor in sample-direction clustering.
As a result of clustering in kinetics-direction, the identified lipids exhibited at least four distinct types of regulation: lipids that are at first upregulated, but decrease in later time points; lipids that increase towards the end of the time series; lipids that decrease towards the end of time series, and ones that remain relatively constant throughout the time series. The time-course concentration profiles of all the species analyzed are provided in Tables 1 and 2 .
Changes in PC and PE fatty acid chain lengths and degree of saturation during development of activated Tcell phenotypes
The clustering analysis indicated that the most pronounced concentration changes were associated with lipid species of PC and PE classes. A closer inspection of the results suggested that differentially regulated clusters consisted of lipid species with distinct fatty acid compositions. Interestingly, lipids that were downregulated at 48 and 72 hours seemed to be enriched with polyunsaturated species, while upregulated lipid species contained on the average notably smaller amount of double bonds. To further validate these quantitative changes in PC and PE fatty acids and their potential implications on cell membrane composition, the experiment was reproduced using cells isolated from cord blood samples from different individuals. The lipid species were quantified using the established workflow, resulting in identification of 34 PC and PE species that were in common with the original dataset.
To investigate the correlation of relative abundance with lipid saturation and side chain length, all 34 identified PC and PE lipids were grouped on the basis of side chain carbon number (≤36, or ≥38), and side chain double bond number (≤3, or ≥4), and their cumulative relative concentration calculated. Time series analysis of these lipid species was in line with the finding that in activated cells shorter and less saturated fatty acids are in general favored over polyunsaturated species, and that these changes are significant in terms of total lipid concentrations, resulting in increasing remodeling of the cellular lipidome during the first 72 hours following activation ( Figure 3 ). The specificity of the concentration changes was also obvious at the level of individual lipid species (Figure 4 ). In the comparison of the earliest and latest time points (0.5 and 72 hours), the most significantly 
Transcriptional regulation of lipid metabolism
Comprehensive transcriptomics datasets from the human T-cell differentiation model have been published (14) . To evaluate the role of transcriptional regulation in the lipid-level alterations, we correlated transcriptomic measurements with the results of lipidomic analysis. The focus was on genes coding for enzymes with documented roles in lipid metabolism, listed using annotations from KEGG database (Table 3 ) (15), complemented with additions based on recent literature. The broad functional classifications for these genes were fatty acid synthases, desaturases, elongases, acyl-CoA synthetases, or phospholipid acyltransferases, and known upstream regulators of these.
Although enzymatic activity is not controlled solely by means of mRNA-level change, in the case of fatty acid synthetase, elongases, and desaturases, the regulation reportedly takes place primarily at the transcript level(16). In line with this, the results indicated that within each functional category, several enzymes were subject to both transcriptional induction and repression. For example, expression of acetyl-CoA carbolyxase  (ACACA), a key enzyme in palmitate synthesis, was clearly induced, although level of Fatty acid synthase (FASN) remained relatively unchanged. A particularly large fold change was observed for the SCD gene, coding for stearyl-coenzyme A desaturase, an enzyme responsible for conversion of palmitic acid to palmitoleic acid, and stearic acid to oleic acid ( Figure 5 ) SCD is co-regulated with fatty acid desaturases FADS1 and FADS2, as well as elongase ELOVL6, all of which were moderately increased with Tcell activation. FADS1 and FADS2 function as delta-5 and delta-6 desaturases, respectively. ELOVL6 in turn catalyzes elongation of 16-carbon fatty acids to 18-carbon, and is specific for the saturated palmitic acid substrate, resulting in generation of stearic acid, which can be subsequently desaturated by SCD. The upstream regulators of this gene module include the PPAR/RXR pathway, also upregulated in T-cells within the same time scale (17) . Interestingly, in addition to ELOVL6, expression of ELOVL1, which is also specific for saturated fatty acids, appeared to be induced, despite not being directly coregulated by the PPAR pathway.
Incorporation of both endogenously synthesized and dietary fatty acids to phospholipids takes place either through de novo synthesis via the Kennedy pathway (18, 19) or by means of remodeling via the Lands' cycle (20) . The rate-limiting reaction of the Kennedy pathway is catalyzed by phosphocholine cytidylyltransferase (CT), the activity of which is regulated at least partly by phosphorylation (21) . Nevertheless, a clear induction of 
PCYT2
gene, coding for phosphoethanolamine cytidylyltransferase was detected. In the Lands' cycle, glycerophospholipid fatty acid chains are remodeled by successive activities of phospholipase A 2 s (PLA 2 ) and enzymes of the lysophospholipid acyltransferase (LPLAT) family, the latter of which exhibit clear preferences regarding both acceptor phopsholipid head group and substrate side chain structure. Among the LPLAT probes in the microarray data, the ones for LPCAT1 and LPCAT4 indicated subtle upregulation towards the latest time points. LPCAT1 was first characterized as an acyltransferase responsible for generation of surfactant dipalmitoyl PC by alveolar cells, possessing specificity for 16:0 acyl-CoA, while LPCAT4 has recently been described as an 18:1-specific acyltransferase (22) (23) (24) . Altogether, the transcriptomics data supports the observation that the T-cell lipidome is actively and specifically regulated in TCRstimulated cells during development of functionally mature effector subsets.
DISCUSSION
While CD4
+ T-cells and their activation and differentiation have been studied relatively thoroughly at the level of transcriptomics, proteomics, and most recently by epigenetic approaches, previous lipid-level investigations have been limited to experiments targeting specific molecular species and properties of local sub cellular systems, such as the T-cell receptor environment. So far, the development of activated effector T-cells has not been studied extensively at the level of molecular lipids. In the present study, we used a UPLC-MS-based lipidomic strategy in the analysis of human umbilical cord blood CD4 + T-cells in both the unstimulated naïve state, and during a 72-hour time course following T-cell receptor mediated activation, and IL-4-induced Th2 differentiation. Cord blood CD4 + cells represent one of the most naïve obtainable population of human T helper cells, providing an attractive model system for studying early activation and polarization of human T-cells.
From the unstimulated T helper precursor (Thp) cells, we have catalogued the concentrations of 41 cellular lipids, representing the most common glycerophospholipids, sphingomyelins, and triglycerides. To our knowledge this represents the most thorough lipidomic characterization of human primary T-cells to date, even though detection of lower abundance species was prohibited by limited availability of primary cell material. Moreover, some significant lipid classes such as phosphatidylinositols (PI), phosphatidylserines (PS), and cholesterol were not included in the data due to methodological limitations. Neither of these analytes are directly compatible with positive electrospray ionization and their analysis by MS necessitates either derivatization or alternative ionization strategies (ESI+) (10) . Other notable categories outside the scope of our study included glycolipids and cardiolipin.
The lipidomic analysis was repeated in quadruplicate using pooled primary cell samples from multiple individuals to take into account biological variability due to diet and other environmental factors. The extent of relative variation was highest in the case of triglycerides, while the concentrations of abundant PC species followed a more consistent pattern. Triglycerides provide the body's storage of fatty acids in the form of intracellular lipid droplets, and thus are arguably the primary subject to dietary variation. The lipidome of a related Jurkat T-cell line has been recently investigated by Zech et al.(25) . Systematic comparison of these datasets indicated no fundamental differences in terms of phospholipid abundance distribution.
The majority of cellular phospholipids are localized in cell membranes, primarily in the plasma membrane, where their distribution is asymmetric -outer leaflet consisting mainly of sphingolipids, glycosphingolipids, and phosphatidylcholine while inner leaflet is formed by glycerophospholipids such as phosphatidylserine and phosphatidylethanolamine (26) (27) (28) (29) (30) (31) . This organization is actively maintained by phospholipid flippase enzymes (32) . Moreover, plasma membrane lipids are laterelly distributed in cholesteroland glycosphingolipid-enriched-microdomains or "lipid rafts", providing distinct lipid surroundings for transmembrane protein complexes (33, 34) . In T-cells, these lipid microdomains play an important role in T-cell receptor mediated activation, bringing together LAT, LCK, and stimulatory receptors while isolating inhibitory molecules such as CD45 (5) . Conceptually, this microdomain organization has been proposed to facilitate switch-like signaling, where activation rate remains relatively constant even when antigen stimulation varies within a certain threshold (34) . Although mechanisms of T-cell receptor clustering have been shown to involve regulation by protein interactions, direct lipidomic analyses of T-cell derived HIV particles as well as immunoisolated TCR raft fractions have verified that the TCR membrane fraction is physically distinct from plasma membrane and is relatively enriched in SM, cholesterol, and saturated PCs (35, 36) . Furthermore, using stimulated emission depletion (STED) fluorescence microscopy, lateral organization of sphingolipids and cholesterol has recently been successfully observed also in living cells (37) .
Although the subcellular distribution of lipids was beyond the scope of this study, we were able to measure notable changes in levels of several glycerophospholipids following T-cell activation. In general, the relative concentration of longer polyunsaturated glycerophospholipids decreased towards the end of the measured time series, while shorter, more saturated, lipids species exhibited clear corresponding increase at 48 and 72 hours. This time scale correlates with first rounds of cell division after activation, suggesting that membrane properties of newly generated daughter cells differ from the nonstimulated progenitors. On the level of relative concentrations of individual lipid species, these changes were most significant in case of upregulation of PCs (30:0), (32:1), and (32:2), and PEs (38:3) and (34:2), and relative decrease of PCs (38:4) and (O-38:5), and PEs (O-38:7) and (O-38:4). As mammalian fatty acid biosynthesis produces predominantly species with 14 to 18 carbons and a low degree of saturation (38) , it might be suggested that the observed lipid concentration changes reflect upregulation of endogenous fatty acid biosynthesis and a relative decrease of dietary fatty acid in cellular membranes. Interestingly, in macrophages, PC synthesis has been demonstrated to be prerequisite for cytokine secretion (39) .
Recent reports have demonstrated that expression of raft-associated lipids, such as ganglioside GM1, lactosylceramide, glucosylceramide, ceramide, sphingomyelin and cholesterol, is upregulated in response to activation through TCR and CD28 (40) (41) (42) (43) . At least in the cases of GM1 and cholesterol, the upregulation is dependent on increased de novo synthesis (41, 43) . In view of these observations the question arises whether the lipidomic changes observed in the present data also reflect upregulation of raft components. Specifically, saturated PC species with 1 or 0 double bonds and 34 or less fatty acyl carbons have been reported to be enriched in TCR rafts, while longer and less saturated species are depleted in relation to total lipidome (36) . However, of the most significantly enriched PC species (34:1), (32:0), and (30:0), only (30:0) was clearly upregulated in our data. Moreover, the raft data by Zech et al. does not show any enrichment of saturated PE species in the TCR fractions. Overall, it was not apparent that association with TCR rafts would explain all the observed TCR-induced changes in primary T-cell lipidome.
The greatly increased metabolic demands of activated T-cells are highlighted by a shift of glucose catabolism from oxidative phosphorylation to glycolysis. This reversible transition to so called Warburg metabolism has been proposed as a way for a cell to maximize the accumulation of new biomass in conditions of non-limiting glucose concentration (44) , and is correlated with upregulation of nutrient uptake in activated cells. This mechanism is associated with the highly elevated proliferation rate of activated T-cells, and is typically employed also by cancer cells. Recent evidence has shown that in breast cancer, the Warburg effect is accompanied by upregulation of de novo fatty acid synthesis, and subsequent alteration of plasma membrane properties (45) . Among others, concentration of PC(14:0/16:0) was consistently increased in tumor cells, and was associated with tumor progression, resembling the observed relative increase of PC(30:0) in the activated T-cells.
The transcriptomic regulation of activated T-cells in an identical experimental system has been previously investigated (14) . Although regulatory pathways of lipid metabolism are complex and still incompletely known, integration of the mRNA and lipid datasets provided several potential regulatory mechanisms acting in response to T-cell activation. Most strikingly, expression of the stearoyl CoA-desaturase (SCD) gene was greatly upregulated in activated cells. SCD catalyzes n-9 desaturation of 16:0 and 18:0 fatty acids, and is a regulatory node for fatty acid metabolism, highlighted by the fact that SCD knockout mice have severely impaired lipid synthesis (46) . Interestingly, in M-CSF-induced macrophage differentiation, SCD increases monounsaturated fatty acids and leads to reduced amount of polyunsaturated fatty acids (47) . SCD is regulated by SREBP-1/2, LXRα, RXRα, and PPARα (48, 49) . Of these, both RXRα and PPARα were found to be moderately upregulated in response to TCRactivation in human CD4 + T-cells, providing a possible regulatory pathway. In addition to SCD, the FADS1 and FADS2 desaturases were induced in response to T-cell activation, as well as elongase ELOVL6. ELOVL6, ELOVL3, and SCD have been shown to be part of a regulatory network that controls lipid homeostasis(16, 49). These emergent regulatory properties might also potentially underlie the specific concentration changes seen in activated T-cells. In addition to enzymes of fatty acid synthesis pathways, some changes in regulation of glycerophospholipid metabolism were detected. Namely, upregulation of Pcyt2 and specific lysophospholipid acetyltransferases suggest that T-cell lipid composition might be specifically regulated on multiple levels.
In the present data the lipid kinetics in cells stimulated in presence or absence of IL-4 were nearly identical, suggesting that TCR-activation delivers a substantially stronger signal in terms of metabolic change. This is in line with our previous transcriptome and proteome level investigations, in which profound changes were measured in response to T-cell activation while cytokine-induced T-cell subset differentiation involved a more defined response (14, 50, 51) . However, Miguel et al. have recently demonstrated heterogeneity in human primary CD4 + T-cell plasma membrane organization with subsequent implications on cellular thresholds to activation and apoptosis, suggesting Th2-polarized cells retaining a higher level of membrane order in comparison with Th1-population, as assessed using fluorescent membrane probes (13) . Our global approach did not, unfortunately, allow a quantitative validation of these results. Notably, the role of mTOR as a central regulator of T-cell metabolism is becoming increasingly appreciated. An integrator of multiple environmental cues, mTOR regulates cell growth both spatially and temporally (52, 53) . Recent evidence has indicated that integration of environmental signals by mTOR is additionally involved in T helper cell subset differentiation (54) . In the broader context, perturbation of nucleotide biosynthesis has been shown to skew Th1/Th2 balance, providing further evidence for distinct metabolic pathways in T helper cell subsets (55) .
The extent and precise role of metabolomic regulation during T-cell subset differentiation therefore still requires further investigation.
Altogether, the present data illustrates remarkable plasticity in human T-cell lipid composition in response to activation by stimulation of T cell receptor and CD28 pathways. Transcriptomic data suggests that this plasticity is regulated at the RNA-level by activation of fatty acid biosynthetic pathways, resulting in increased incorporation of de novo produced fatty acids into the plasma membrane. While a decrease in phospholipid saturation is generally correlated with decreased membrane fluidity (56) , whether the changes observed in this study have specific functional consequences on membrane function remains to be elucidated. Importantly, recent data from human adipocytes indicates that biophysical membrane properties can be actively maintained despite remodeling of membrane lipid components (57) . In relation to specific cellular systems such as T-cells, important information on the spatial regulation of lipids could be achieved by parallel analysis of distinct sub cellular compartments. Each organelle confined by a lipid membrane bilayer, such as endoplasmic reticulum (ER), Golgi apparatus, and mitochondria, expresses a characteristic lipid composition, actively regulated by localized synthesis and lipid transport. Therefore, selective expansion or reduction of a specific cellular compartment could be underlying some of the lipidomic changes observed in this study. According to recent reports, amounts of both mitochondria and ER are regulated by macroautophagy during T cell development leading to significantly reduced mitochondrial and ER content in mature peripheral T cells (58, 59) . In TCRactivated cells, macroautophagy is further induced, but targets primarily soluble cytosolic components, and correlates with a moderate increase in both mitochondrial number and size (60) . Furthermore, human cells have been shown to contain distinct pools of cytoplasmic and nuclear phosphatidylcholine, the latter of which is predominantly saturated and potentially has a structural role in association with chromatin (61) . Such targeted lipidomic approaches, however, will still require further development of suitable cellular fractionation methods (62) . The results of this current study should provide a useful framework for such investigations.
